Neutron flux from linear accelerators is conventionally monitored using ionization chambers containing one or more foils thinly coated with a fissionable or fissile material. Due to the long pulse rise times resulting from the ionization mechanism, fission chambers are prone to pulse pile-up in high-neutron-flux environments. In addition, their relatively low efficiencies result in extremely long counting times in low-flux environments. To ameliorate these effects, a novel type of neutron flux monitor, consisting of fissionable material loaded in a liquid scintillator, has been developed, characterized, and tested in the beam line at the Los Alamos Neutron Science Center. This is a rugged, cost-efficient detector with high efficiency, a short signal rise time, and the ability to be used in low neutron-flux environments. Compared with a conventional fission chamber, the fissionable scintillator displays a significantly higher event rate. Related research on nanocomposite scintillators for gamma-ray detection suggests the possibility of extending this approach by synthesizing fissionable material nanoparticles and loading them into an organic scintillator. We will present results of the design and characterization process and an analysis of the results of the beam line experiments.
INTRODUCTION
Neutron flux monitors are commonly used in nuclear physics experiments to determine the beam flux, to monitor the beam profile, and to provide neutron flux measurements that can be used in interpreting experimental results. Fission chambers, or parallel-plate ionization chambers incorporating target foils coated with a fissionable material, are frequently used for neutron flux monitoring. They are easy to use and have acceptable efficiency for many measurements, but the mechanism by which they operate limits their utility for some applications. In a fission chamber, an incident neutron induces fission in the target foil, producing fragments that escape the foil and travel into a gas, where they generate ionization trails that can be detected. Since the target foil must be sufficiently thin to allow the fission fragments to escape, fission chambers are limited to a coating thickness of a 2-3 mg/cm 2 . 1 The small amount of fissionable material that can be applied to a target foil limits the detector's efficiency, so fission chambers require long measurement times in low-neutron-flux environments. The hundreds of nanoseconds required for the ionization chamber to collect charged particles also make fission chambers prone to pile-up in high-neutron-flux environments.
We have developed a fission flux monitor consisting of a molecular complex incorporating a fissionable isotope that has been loaded into a liquid scintillating matrix. Calculations indicate that it should be possible to load the detector with significantly more fissionable material than is found in conventional fission chambers, increasing the neutron detection efficiency. In addition, the detector should have a pulse rise time on the order of tens of nanoseconds, making it less susceptible to pulse pile-up.
MATERIAL SELECTION AND CHARACTERIZATION
The ideal material for incorporation into the fissionable scintillator would have an established technique for nanoparticle synthesis and would possess no luminescence that could interfere with the liquid scintillator excitation or emission.
238 U was initially identified as an isotope of interest because it appeared to comply with these two conditions -a nanoparticle fabrication method has been documented 2 for Bi 2 O 3 that could be extended to U 3 O 8 , and the 238 U luminescence could reduce the need for wavelength-shifting dyes in the scintillating liquid matrix. As shown in Figure 1 , 238 U has a threshold energy, below which fission is substantially less probable. Its fission cross-section is greater than 0.1 b only for neutrons with energies above ∼1.35 MeV, and decreases sharply for lower-energy neutrons. This feature would appear to make 238 U less attractive as a fission detector than isotopes such as 235 U and 237 Np, which do not have a fission threshold. However, isotopes with threshold energies for fission have an important role in measuring neutron flux at accelerators such as LANSCE (the Los Alamos Neutron Science Center). At the LANSCE 4FP90L flight path, where the fissionable scintillator was tested, the fastest neutrons have energies approaching 800 MeV. Neutrons with energies as low as 200 keV may be detected between γ-flashes, which arrive every 1,786.6 ns. Those neutrons with energies below ∼200 keV form the neutron wrap-around, on top of which the next neutron pulse is laid. This means that all neutron pulses, after the first one, contain a mixture of high-energy neutrons from the current pulse and low-energy wrap-around neutrons from previous pulses. Neutron flux spectra from detectors containing radioisotopes, such as 238 U or 232 Th, that do not fission in response to low-energy neutrons are used to determine which portion of the spectrum is produced by the high-energy neutrons of the current pulse.
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238 U was incorporated into a complex consisting of uranyl nitrate and tributyl phosphate (TBP), UO 2 (NO 3 ) 2 (TBP) 2 . Since the desired mass loading was 1%, 0.035 mg of the uranium complex were suspended in approximately 3.5 mg of liquid scintillator for characterization purposes. The liquid scintillator used was a toluene-based liquid scintillator using 2,5-diphenyloxazol (PPO) as the primary wavelength-shifting dye and 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP) as the secondary. A suite of tests were performed on the potential fissionable scintillator, including photoluminescence, radioluminescence, UV/visible spectroscopy, and measurement of its response to γ-rays. As shown in Figure 2 , 238 U did not fulfill the condition of not interfering with the luminescence of the liquid scintillator. Its radioluminescence showed a more complex spectrum than liquid scintillator, including higher-wavelength emissions, indicating luminescence from the uranium itself. The emission of light from uranyl oxide was not unexpected; uranyl oxides have several well-known emission bands between 470 nm and 600 nm, which were even described by Stokes in his seminal paper on the Stokes shift.
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It had been hoped that the uranyl oxide emission would contribute to the luminescence, and perhaps reduce or eliminate the need for wavelength-shifting dyes in the liquid scintillator. However, the total intensity of the uranium-loaded solution over all wavelengths was 5.0 × 10 5 counts/s, less than half of the 2.3 × 10 6 counts/s obtained from the liquid scintillator alone, indicating that light emitted by the liquid scintillator was absorbed by another component of the solution before escaping the cuvette. Photoluminescence and ultraviolet/visible spectroscopy of 238 U in liquid scintillator provided further evidence of the uranyl oxide emission. Both displayed features characteristic of the vibrational states of the U 6+ ground-level singlet and showed decreased emission intensity compared with liquid scintillator.
Both the luminescence of the uranyl moiety and the yellow coloration of the uranyl complex interfered with the escape of light produced by the liquid scintillator. Since both effects depended on the wavelength of light emitted by the dyes, the identity of the secondary dye was changed from POPOP to 3-hydroxyflavone (3HF). The longer emission wavelength of 3HF made its light less likely to excite or be absorbed by the uranyl complex. However, the 3HF excitation range was found to be a poor match for the emission of the primary wavelengthshifting dye, PPO, resulting in a complex, low-intensity liquid scintillator emission. At this point, due to the difficulty of identifying a dye with suitable excitation and emission ranges, the decision was made to switch to a different fissionable isotope, 232 Th. The threshold neutron energy of 232 Th is ∼1.5 MeV, similar to the threshold for 238 U. However, unlike the oxides of 238 U, the oxides of 232 Th are colorless and do not luminesce.
A liquid scintillator loaded with 2% 232 Th in the form Th(NO 3 ) 4 (TBP) 2 was prepared, as well as a liquid scintillator standard for comparison. The liquid scintillator standard contained the same amount of TBP as was found in the thorium-loaded detector, in order to ensure that the only difference between the two solutions was the presence or absence of the thorium nitrate molecule. Both solutions were transparent to the liquid scintillator emission. As shown in Figure 3 , the radioluminescence of the thorium-loaded liquid scintillator displays emission peaks in the same locations and with the same relative intensities as the unloaded liquid scintillator. The only difference between the radioluminescence spectra of the two solutions is a slight increase in the overall intensity of the thorium-loaded liquid scintillator to 3.2 × 10 6 counts/s, compared with 2.9 × 10 6 counts/s for the liquid scintillator, due to its larger effective atomic number.
BEAM LINE CHARACTERIZATION
Two scintillator modules were prepared for testing in the 4FP90L beam line at LANSCE. The thorium-loaded scintillator contained 2 ± 0.175 g of thorium, in the form Th(NO 3 ) 4 (TBP) 2 , suspended in a liquid scintillator consisting of 1.125 g PPO and 150 mg POPOP in 150 mL toluene. For comparison purposes, the other scintillator module was filled with liquid scintillator to which an amount of TBP equal to the amount in the thorium-loaded scintillator had been added, so that the only difference between the two modules was the presence or absence of thorium nitrate. Each scintillator was mounted vertically on a Hamamatsu R2059 photomultiplier tube (PMT) with a Hamamatsu E2979-500 socket. The PMT socket was powered by a LeCroy 1454 High Voltage Mainframe with a LeCroy 1461 12-Channel High Voltage Board 1461N. Signals from the PMT were acquired by an Acqiris DC265 8-bit digitizer in an Acqiris CC105 crate. The system was triggered using a t 0 pulse from the accelerator that indicated when protons were sent to the spallation target. The Acqiris was controlled using the Maximum Integration Data Acquisition System (MIDAS) software.
A conventional fission chamber containing several 235 U-coated foils, constructed according to the design described by Wender, 5 was also placed in the beam line, to measure the neutron flux and to provide a comparison with the results of the fissionable scintillator. Since measurements with the two scintillators were performed sequentially, the number of runs and total incident neutron flux differed between the two detectors. Data from the fission chamber was used to calculate that the total neutron flux incident on the thorium-loaded detector was 1.066 times the flux incident on the unloaded liquid scintillator, enabling the results to be scaled for comparison.
The scaled, combined time-of-flight spectra for the unloaded and thorium-loaded scintillators are shown in Figure 4 . These spectra were created by calculating the time at which each detected event occurred relative to the arrival of the preceding t 0 pulse. The sharp pulse at t = 0 is the γ-flash, the arrival of the spallation γ-rays, while the features between t ≈ 10 and t ≈ 800 result from neutrons. The higher background shown for the thorium-loaded scintillator is the product of α-decay events. The time-of-flight spectra suggested that the detectors had different light yields. The count rate between 400 ns and 700 ns was lower for the thorium-loaded detector, indicating that fewer detectable events were produced by neutrons in this energy range in the thoriumloaded scintillator. Comparing the areas of pulses near the beginning of the γ-flash indicated that the light yield of the thorium-loaded scintillator was 45.8% of the light yield of the liquid scintillator alone. Determining the relative light yields of the two scintillators allowed the time-of-flight spectrum of the thorium-loaded scintillator to be normalized, as shown in Figure 5 . Figure 5 also shows the constant α-decay background produced by the thorium-loaded scintillator. The α-decay rate was determined by comparing the region immediately preceding 
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Unloaded Scintillator Thorium-Loaded Scintillator Figure 4 . Combined time-of-flight spectra for all thorium-loaded and unloaded liquid scintillator runs. The liquid scintillator spectrum has been scaled by 1.066, to compensate for the greater neutron flux measured using the fission chamber during the thorium-loaded detector runs. α-decay events from 232 Th result in a higher background count rate in the thorium-loaded detector.
the arrival of the γ-flash in the two detectors. In this region, shown between t = −200 ns and t = −100 ns in Figure 4 , spallation γ-rays are absent and incident neutrons have energies below the 232 Th fission threshold, so any difference between the event rates in the thorium-loaded and unloaded detectors must result solely from α-decay in the thorium-loaded detector. Taking the observed difference between the event rates in the detectors produced an observed α-decay rate of (8.54 ± 0.27) × 10 −6 counts/ns, consistent with the decay rate expected.
The neutron energy spectra, normalized according to the 4FP90L neutron beam profile, for both scintillators are shown in Figure 6 . The background, including α-decay events in the thorium-loaded scintillator, has been removed from both spectra. The indicated regions correspond to energy ranges that were analyzed separately. Regions II, III, and IV all display a higher count rate in the thorium-loaded scintillator than in the unloaded liquid scintillator. The increased count rate was suspected to result from fission, so other possible explanations for the higher event rate were examined to see whether they could be excluded. Elastic scattering of a neutron on a 232 Th nucleus transfers, at most, 1.7% of the incident neutron energy. Since an incident energy of at least 1.2 MeV was required to produce a detectable pulse in the liquid scintillator, no increase in events detected in the thorium-loaded scintillator as a result of elastic scattering was expected for neutrons with energies below ∼71 MeV. Neutron capture γ-rays were also not expected to result in a significant increase in counts. For incident neutrons above ∼1.8 MeV, the cross-section for fission is higher than that for radiative capture. Furthermore, the radiative capture cross-section decreases substantially for higher-energy neutrons, falling by more than five orders of magnitude between 4 MeV and 200 MeV. Thus, the increased count rate observed in the thorium-loaded detector can best be explained by fission.
Although fission appeared to be the most likely explanation for the increased event rate in the thorium-loaded scintillator, the rate of additional events did not increase with neutron energy, as would have been expected based on the behavior of the fission cross-section. This inconsistency was hypothesized to result from ionization quenching of fission fragments, which reduces the fraction of energy deposited. If, as the incident neutron energy 
Unloaded Scintillator Thorium-Loaded Scintillator Alpha Background Figure 5 . Time-of-flight spectra of thorium-loaded and unloaded scintillators, after removing from the unloaded scintillator data all pulses with heights below 6.54 steps. The original pulse height criterion of 3 steps was modified for the unloaded scintillator to compensate for reduced light yield in the thorium-loaded detector. The event rate due to the decay of α-particles, (8.54 ± 0.27) × 10 −6 counts/ns, is also shown.
increases, the rise in the fission cross-section is offset by an increase in the proportion of fission events that deposit insufficient energy for detection, the rate of fission events detected would be inconsistent with the fission crosssection. Using Geant4, a model was developed for ionization quenching in the thorium-loaded and unloaded scintillators. The model showed only 3.7% more counts in the spectrum for the thorium-loaded scintillator, far lower than the factor of 5 difference observed experimentally. It was concluded that the additional counts detected in the thorium-loaded scintillator must result from interactions not modeled by Geant4, namely, the radioactive decay of fission products. The delayed nature of this process would also account for the inconsistency observed in the neutron energy spectrum -since time-of-flight calculations were used to assign neutron energies, any delay between the initial arrival of the neutron and the deposition of energy in the scintillator would result in smearing. . Neutron time-of-flight spectra for unloaded and thorium-loaded scintillators. The spectra have been normalized by the energy bin width and neutron flux profile and the background rate due to α-particles has been subtracted from the spectrum of the thorium-loaded detector. Both spectra contain five distinct regions.
CONCLUSIONS
into fissionable scintillators could avoid this difficulty by employing pulse-shape discrimination to differentiate between events.
